The etiology of anemia is still unclear in patients with chronic heart failure (CHF). Hepcidin is an iron regulatory peptide that is synthesized in the liver to suppress iron absorption and utilization. Hepcidin synthesis is suppressed by anemia, hypoxia and erythropoiesis, and induced by inflammation. Inflammatory cytokines, such as interleukin-6 (IL-6), increase the synthesis of hepcidin, resulting in anemia of inflammation (AI). The serum hepcidin concentration in CHF patients with anemia was measured in order to better understand anemia in CHF.
epcidin was first discovered as an antimicrobial peptide. 1 It is synthesized in the liver to regulate iron homeostasis. 2 Hepcidin supresses iron uptake in the duodenum and blocks iron release from the macrophages by binding to ferroportin, a cellular iron exporter, and inducing its internalization. 3 Synthesis of hepcidin is activated by iron loading 4 and decreased by anemia, hypoxia and erythropoiesis. 5 Hepcidin synthesis is also induced by inflammatory cytokines, such as interleukin-6 (IL-6), during infections and inflammation, resulting in suppressed iron utilization and absorption and hence anemia of inflammation (AI) or anemia of chronic disease. 6 Anemia has been demonstrated to be independently associated with increased risks of hospitalization and all-cause mortality in patients with chronic heart failure (CHF). [7] [8] [9] [10] [11] [12] The mechanisms underlying anemia in CHF are not fully elucidated and probably multifactorial. Proposed mechanisms include plasma volume expansion, 13, 14 iron deficiency, 15 suppressed bone marrow activity and inflammation. 16 Inflammatory immune activation has been shown in CHF, indicating that anemia in CHF might be a kind of AI. If so, serum hepcidin concentrations should be elevated in CHF patients. However, Nanas et al have shown that approximately 70% of CHF patients with anemia have iron deficiency anemia and AI was observed in only 19% of patients in end-stage CHF by examining the iron stores with bone marrow biopsy. 15 If this is the case, serum hepcidin concentrations would be decreased in CHF patients. Thus, we developed the following 2 hypothesis:
(1) Hepcidin concentrations are upregulated by inflammatory cytokines to cause AI in patients with CHF. (2) Hepcidin concentrations are downregulated by iron deficiency in patients with CHF. In order to assess the above 2 hypotheses, we measured serum hepcidin-25 (the bioactive form of hepcidin) concentrations in CHF patients with anemia. We analyzed the association between serum hepcidin-25 concentrations and IL-6 or iron-and erythropoiesis-related parameters.
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Methods
Participants
We prospectively studied consecutive 122 CHF patients who were admitted to our hospital with acute worsening of heart failure and recovered after standard medical treatment from April 2005 to September 2007. We used the data at discharge. Exclusion criteria were as follows: acute coronary syndrome, infections (C-reactive protein >2.0 mg/dl), severe renal failure (serum creatinine >2.0 mg/dl), hypothyroidism, bleeding, a history of acquired iron overload or hemochromatosis, chronic liver disease (alanine transaminase >2 times the upper limit of the normal range), autoimmune disease, or use of erythropoietin (EPO) and/or iron for treatment of anemia. We also excluded patients with radiographic findings of pulmonary congestion at discharge to minimize the effect of hemodilution on the hemoglobin concentration. After 61 patients were excluded, 61 HF patients were enrolled. Among these patients, 36 patients were diagnosed as anemia based on hemoglobin concentration (Hb <13 g/dl in men, Hb <12 g/dl in women according to the World Health Organization criteria) at the time of discharge. Glomerular filtration rate (GFR) was estimated by using the following equation from a simplified version of the Modification of Diet in Renal Disease (MDRD): eGFR (ml · min -1 · 1.73 m -2 ) = 186.3 × serum creatinine −1.154 × age −0.203 × 0.881 (× 0.742 if female). 17 In this MDRD formula, 0.881 is a coefficient for eGFR specific to the Japanese population. 18 They were not administered EPO and/or iron for treatment of anemia. A group of 16 individuals without any history of cardiac disease and anemia were recruited as the control group. Serum iron, ferritin, total iron binding capacity (TIBC) and complete blood count were evaluated on discharge. Transferrin saturation (TSAT) (%) was calculated as serum iron concentration/serum TIBC concentration ×100.
All patients gave informed consent in advance for their participation, and the ethics committee at our institution approved the protocol.
Measurement of Hepcidin-25, IL-6 and EPO
Peripheral venous blood was obtained at 7-9 am and transferred to non-heparinized tubes and centrifuged at 1,750 g for 15 min at 4°C. The obtained serum samples were stored at -80°C until they were assayed. Serum hepcidin-25, IL-6 and EPO concentrations were measured at discharge. Serum hepcidin-25 concentrations were determined by liquid chromatography tandem mass spectrometry. [19] [20] [21] Serum IL-6 concentrations were determined by enzyme linked immunosorbent assays according to manufacturer manuals (Quantikine, R&D Systems, MN, USA). Serum EPO concentrations were determined by radioimmunoassay according to manufacturer manuals (Mitsubishi Chemical Medience Corporation, Tokyo, Japan).
Statistical Analysis
Values are expressed as means ± SD. All statistical analyses were performed using a commercially available statistical software (STATVIEW version 5.0, SAS Institute Inc, North CA, USA). Differences between groups were assessed with the χ2 test for categorical data. Hepcidin-25, IL-6, EPO and ferritin data were not normally distributed; therefore, these data were subjected to logarithmic transformation (log). Differences in continuous variables between groups were assessed with unpaired Student's t-tests. The correlation between serum hepcidin concentrations and variables of interest was tested by simple linear regression analyses. Multivariable linear regression analyses was used to identify variables that might predict serum log hepcidin concentrations. P-values of <0.05 were statistically significant. 
Serum Hepcidin in Chronic Heart Failure
Results Table 1 summarizes the demographics for the CHF patients with anemia (n=36), without anemia (n=25) and the control group (n=16). There was no difference in gender and severity of heart failure between the CHF patients with anemia and those without anemia. The CHF patients with anemia were older than those without anemia and the control group. The CHF patients with anemia had a lower prevalence of idiopathic dilated cardiomyopathy than those without anemia. Mean Hb concentrations were 11.1 g/dl in CHF patients with anemia. Serum iron and TSAT concentrations were lower in the CHF patients with anemia than in those without anemia. There was no difference in mean corpuscular volume and ferritin concentrations between the CHF patients with anemia and those without anemia. 
MATSUMOTO M et al.
The Concentration of Serum Hepcidin-25, IL-6 and EPO in CHF Patients
Serum hepcidin-25 concentrations were lower in CHF patients with anemia than in controls (14.1±14.0 vs 19.0±11.4 ng/ml, P<0.05). There were no differences between CHF patients without anemia and controls (21.9±18.3 vs 19.0±11.4 ng/ml). Serum IL-6 concentrations were higher (5.9±5.5 vs 1.4± 0.4 pg/ml, P<0.05) in CHF patients with anemia than in controls. There were no differences in IL-6 levels between CHF patients with and without anemia (5.9±5.5 vs 5.4±7.6 ng/ml) ( Figures 1A, B) . There was a trend for higher serum EPO concentrations in CHF patients with anemia than in controls, but it was not statistically significant ( Table 1) .
Correlation Between Hepcidin-25 and Possible Correlates of Hepcidin-25
We analyzed the correlation between serum hepcidin-25 concentrations and the parameters that might be correlated with hepcidin-25 in CHF patients with anemia. Log serum hepcidin-25 concentrations correlated negatively with log serum EPO concentrations (r=-0.59, P<0.01) and positively with log serum ferritin concentrations (r=0.67, P<0.01) (Figure 2) . However, log serum IL-6 concentrations did not correlate with log serum hepcidin-25 concentrations (r=0.23, P=0.19) (Figure 3) . Multivariable regression analysis showed that log serum EPO (P<0.01) and log ferritin (P<0.01) concentrations were independent predictors of log serum hepcidin-25 concentrations. However, serum IL-6 concentrations were not associated with serum hepcidin-25 concentrations ( Table 2) . Thus, serum hepcidin-25 concentrations are likely regulated by EPO and by iron storage, but not by IL-6 in CHF patients with anemia.
Discussion
This is the first study to examine serum hepcidin-25 concentrations in CHF patients with anemia. We found that serum hepcidin-25 concentrations decreased in CHF patients with anemia. Some regulatory pathways are thought to control hepcidin synthesis: this is upregulated by iron overload and inflammation, and downregulated by anemia, erytropoiesis and hypoxia. [4] [5] [6] 22 We showed that serum hepcidin-25 concentrations are regulated by EPO and iron storage but not by IL-6 in CHF patients with anemia.
Regulation of Serum Hepcidin Concentration in CHF
Serum hepcidin-25 concentrations in CHF patients with anemia were lower than those in control participants and negatively correlated with serum EPO concentrations. EPO is shown to suppress hepatic hepcidin synthesis. This effect is not due to the direct effect of EPO on the liver because blocking erythropoiesis in bone marrow by irradiation prevented downregulation of hepcidin synthesis by exogenous EPO. 23 It is suggested that EPO increases erythropoiesis in the bone marrow and stimulates the secretion of some circulating factors that suppress hepcidin synthesis in the liver. Growth and differentiation factor 15 is one of the candidates for suppression, but it is proven only in patients with thalassemia. 24 Increased serum EPO is thought to suppress hepcidin synthesis by stimulating erythropoiesis in the bone marrow in CHF patients with anemia.
Serum hepcidin-25 concentrations were also associated with serum ferritin concentrations, indicating that serum hepcidin concentrations is reasonably regulated by the storaged iron, even in CHF patients. Shortage in storaged iron decreases mRNA expression of hepcidin in the liver by 2 mechanisms. One is the suppression of the synthesis of bone morphgenic protein 6 (BMP 6). BMP 6 is known to be induced by iron overload and also to increase hepatic hepcidin synthesis. 25, 26 The other is the induction of the hypoxiainducible factor-1 (HIF-1). Promoter activity of hepcidin gene is suppressed by HIF-1. 27 HIF-1 is a dimer of HIF-1α and HIF-1β. Iron-dependent enzyme prolyl hydroxylases hydroxylates HIF-1α and promotes the binding of HIF-1α to a von Hippel Lindau ubiquitin ligase, resulting in the degradation of HIF-1α by proteasome. Iron deficiency decreases prolyl hydroxylase activity, stabilizes HIF-1, and suppresses hepcidin synthesis. 27 Serum iron and TSAT were lower in the CHF patients with anemia than in the controls even though they were within normal range. In a previous study, renal blood flow was decreased and inversely correlated to the serum EPO concentration in CHF patients. 28 Decreased renal blood flow might contribute to EPO hyperproduction in CHF. EPO has been reported to activated erythropoiesis and stimulate the secretion of some circulating factors that decrease the hepcidin synthesis in the liver. This might have caused a decrease in serum hepcidin concentration in CHF patients. Otherwise, decreased dietary intake or poor absorption from the intestine might have deteriorated iron supply. Iron deficiency state might cause anemia and suppress hepci- Correlation between log serum hepcidin-25 and interleukin-6 concentrations in chronic heart failure patients with anemia. Serum Hepcidin in Chronic Heart Failure din synthesis in CHF patients. Recently, hepcidin is considered as a key mediator of AI. As serum iron concentrations decrease, ferritin concentrations increase to retain irons in hepatocytes and macrophages in AI. Activation of inflammatory cytokines increases hepcidin to suppress iron utilization from the reticuloendothelial system and iron absorption from the intestine. Some previous works have shown increases in hepcidin concentrations in patients with AI, 6 and injection of IL-6 or bacterial lipopolysaccharide induced hepcidin production in mice and humans. [29] [30] [31] Serum hepcidin concentrations correlated well with serum IL-6 concentration in hemodialysis patients with infectious diseases or in patients with Castleman's disease. 31, 32 CHF is now recognized as a state of inflammation. Higher than normal concentrations of proinflammatory cytokines, such as IL-6 and tumor necrosis factor α, are related to disease severity and might be used as a predictor of poor prognosis in CHF patients. 33, 34 Serum IL-6 concentrations were higher in our CHF patients than that of the control participants. We surmised that hepcidin was induced by elevated IL-6 to cause AI in patients with CHF. However, there was no correlation between IL-6 and hepcidin concentrations. Serum IL-6 concentrations were only modestly elevated in our patients (5.9±5.5 pg/ml) compared to hemodialysis patients with infectious diseases reported by Tomosugi et al (approximately 30-300 pg/ml). 31 We excluded individuals with apparent infections from the current study. The increase in serum IL-6 concentrations might not be enough to stimulate the synthesis of hepcidin in our patients.
Anemia in CHF
The etiology of anemia in CHF patients is not fully understood, and considered to be multifactorial. Nanas et al have reported that approximately 70% of CHF patients with anemia have iron deficiency anemia as assessed with bone marrow aspiration. 15 However, a reasonable cut-off value of hepcidin for iron deficiency has not been established yet because accurate measurement of serum hepcidin concentration was available very recently. Our data might suggest that AI is not a major mechanism of anemia in CHF patients without apparent infectious diseases because serum hepcidin concentrations were not higher than those of control participants. Iron deficiency anemia might frequently exist in HF. Further studies in larger cohorts are needed.
Study Limitations
Four limitations of the study are noted. First, the present study consisted of a small number of patients. Second, anemia was defined using Hb concentration in this study. Hemodilution is known common in CHF, 13, 14 and there might have been some hemodilution in our participants with anemia, but we did not measure red cell volume. Third, the reticulocyte count and serum soluble transferrin receptor concentration reflecting erythropoietic activity were not measured in the current study. Finally, Bayele et al provided a perspective that there were heritable differences in hepcidin expression that might determine phenotypic variation in iron metabolism between individuals. 35 We did not examine the genetic analysis in our participants. The genetic analysis might provide additional information with the serum hepcidin concentrations in CHF patients.
Conclusions
The present study shows for the first time that hepcidin-25 concentrations are lower in CHF patients with anemia than in control participants. Serum hepcidin-25 concentrations are related to iron storage and erythropoiesis but not to IL-6 in our CHF patients with anemia. These findings might indicate that AI is a minor mechanism of anemia in CHF.
